Introduction {#S0001}
============

Cancer progression is associated with immune evasion and immune suppression. Although tumor antigens trigger adaptive antitumor immune responses, tumors evolve multitudes of mechanisms that suppress and eventually overcome antitumor immunity. Tumor cells undergo profound genetic adaptation to reduce their immunogenicity and produce immune suppressive factors to shape the tumor microenvironment (TME).^[1](#CIT0001)--[4](#CIT0004)^ The TME is also dominated by regulatory T cells (Treg), myeloid-derived suppressor cells (MDSC) and tumor-associated macrophages (TAM) which mediate immune suppression.^[5](#CIT0005)--[7](#CIT0007)^ As a consequence, tumor-infiltrating Th1 and CD8^+^ T cells fail to eradicate cancer cells but instead participate in a stalemate of chronic inflammation. Similar to chronically activated T cells during chronic viral infection, T cells in the TME exhibit characteristics of "exhausted" T cells, such as reduced proliferation and cytokine production as well as dysregulation of metabolism.^[8](#CIT0008)^ Whether reversing the T cell exhaustion state can be an effective strategy for tumor immunotherapy remains to be determined.

Multiple immune regulatory receptors have been found in the tumor-infiltrating lymphocytes (TIL). It has been found that TIL co-expressing PD-1 and Tim-3 or PD-1 and Lag-3 are functionally "exhausted" compared to other TIL subsets.^[9](#CIT0009)--[12](#CIT0012)^ In fact, CD4^+^ and CD8^+^ TIL co-expressing multiple immune regulatory receptors such as PD-1, Tim-3, Lag-3, OX-40, GITR, and TIGIT have been reported, and the underlying genetic regulatory network has been delineated.^[13](#CIT0013)^ TIL expressing PD-1, Tim-3, and Lag-3 have been shown to be the most functionally and metabolically "exhausted".^[14](#CIT0014)^ In addition, in vivo studies have demonstrated Tim-3 and Lag-3 regulate antitumor immunity.^[15](#CIT0015)--[17](#CIT0017)^ Whether, and how, these molecules have redundant roles in suppressing T cell function is not fully understood.

In order to help establish the combination immunotherapy and understand the intricate immune checkpoint network, we set out to study the expression and regulation of multiple immune checkpoint molecules, particularly Tim-3 and Lag-3, in the immune cells in the TME of syngeneic mouse tumor models. We further determined the underlying mechanisms mediating antitumor effects of PD-1, Tim-3/PD-1, and Tim-3/PD-1/Lag-3 combination therapy.

Results {#S0002}
=======

Tim-3 is differentially expressed along with multiple activation and inhibitory molecules in tumor-infiltrating immune cells {#S0002-S2001}
----------------------------------------------------------------------------------------------------------------------------

In order to help define the role of Tim-3 in antitumor immune responses, we systematically characterized the Tim-3 expression in multiple immune cells in the TME using the MC38 tumor model, which is well known to be responsive to checkpoint immunotherapy. Consistent with previous studies,^[9](#CIT0009)--[11](#CIT0011)^ Tim-3 was highly expressed on approximately 81% Tregs, 30% Foxp3^−^CD4^+^, and 47% CD8^+^ tumor-infiltrating T cells in this model ([Figure 1a](#F0001)). In addition, Tim-3 was also expressed on a small fraction of B cells, NK cells and γδT cells ([Figure 1a](#F0001)). Besides the MC38 tumor model, we also confirmed that Tim-3 was expressed on TIL in ID8 and B16 tumors (Figure S1A). Besides lymphocytes, we also examined the Tim-3 expression on tumor-associated myeloid cells.^[18](#CIT0018)^ We found that Tim-3 was expressed on about 39% CD45^+^CD11b^+^GR1^−^MHCII^+^CD24^+^ F4/80^−^CD103^+^ DC1 and 30% CD45^+^CD11b^+^GR1^−^MHCII^+^CD24^−^F4/80^+^CD206^−^ type 1 macrophages (M1) ([Figure 1b](#F0001)). In contrast, Tim-3 was expressed on smaller portions of CD45^+^CD11b^+^GR1^−^MHCII^+^CD24^+^ F4/80^−^CD103^−^ DC2 (about 13.4%), CD45^+^CD11b^+^GR1^−^MHCII^+^CD24^−^F4/80^+^CD206^+^ type 2 macrophages (M2, about 14.6%), and MDSC (about 6.89%) ([Figure 1b](#F0001)). We detected minimal expression on lymphocyte subsets in peripheral immune cells (Figure S1B). Thus, Tim-3 expression was differentially up-regulated in immune cells in the TME.10.1080/2162402X.2019.1708064-F0001Figure 1.Characterization of Tim-3^+^ tumor-infiltrating immune cells.Tumors were isolated from MC38 tumor-bearing mice and immune cells were analyzed by flow cytometry. (a). Representative flow plots of Tim3 expression on tumor-infiltrating lymphocytes. (Foxp3^−^CD4^+^: CD45^+^CD8^−^CD4^+^Foxp3^−^, Foxp3^+^CD4^+^: CD45^+^CD8^−^CD4^+^Foxp3+, CD8^+^: CD45^+^CD4^−^CD8^+^, B cell: CD45^+^CD4^−^CD8^−^B220^+^NK1.1^−^γδTCR^−^, NK cell: CD45^+^CD4^−^CD8^−^γδTCR^−^NK1.1^+^ γδT cell: CD45^+^CD4^−^CD8^+^NK1.1^−^ γδTCR^+^). (b). Representative flow plots of Tim-3 expression on tumor-infiltrating myeloid cells. (CD103^+^DC1: CD45^+^CD11b^+^Gr1^−^MHCII^+^F4/80^−^CD24^+^CD103^+^, CD103^−^DC2: CD45^+^CD11b^+^Gr1^−^MHCII^+^F4/80^−^CD24^+^CD103^−^, CD206^−^M1: CD45^+^CD11b^+^Gr1^−^MHCII^+^F4/80^+^CD24^−^CD206^−^, CD206^+^M2: CD45^+^CD11b^+^Gr1^−^MHCII^+^F4/80^+^CD24^−^CD206^+^, MDSC: CD45^+^CD11b^+^Gr1^+^). (c). Representative flow plots of Tim-3 vs IL7R, CD62L, CD44, OX40, Ki67, PD-1, GITR and Lag-3 expressions on Treg cells (top row), conventional CD4^+^ T cells (middle row) and CD8^+^ T cells (bottom row). (d) Statistics of IL7R, CD62L, CD44, OX40, Ki67, PD-1, GITR and Lag-3 expressions in Tim-3^−^ and Tim-3^+^ subsets depicted in C, data were presented as mean ± SEM (n = 4--5). \**P* \< .05, \*\**P* \< .005, \*\*\**P* \< .0005, \*\*\*\**P* \< .0001, Student's *t* test was performed.

We further characterized Tim-3^+^ tumor-infiltrating T cells using multi-color flow cytometry. We found that all Tim-3^+^ T cells were CD62L^−^ CD44^+^, suggesting these cells are effector/memory T cells ([Figure 1c-d](#F0001)). The percentage of IL7R^+^ T cells in Tim-3^+^ CD4^+^Foxp3^−^ and Tim-3^+^CD8^+^ T cells was lower compared to Tim-3^−^ subsets ([Figure 1c-d](#F0001)), which was also consistent with an effector T cell status for Tim-3^+^ CD4^+^ and CD8^+^ TIL. In addition, OX-40, another T cell activation marker, was also upregulated in Tim-3^+^ CD4^+^ T cells and Treg cells compared to the Tim-3^−^ TIL ([Figure 1c-d](#F0001)). Surprisingly, Ki67, a cell proliferation marker, was positive for most Tim-3^+^ T cells (\>90%), suggesting these cells are proliferative but not exhausted ([Figure 1c-d](#F0001)).

Tumoral Tim-3^+^ T cells are highly activated effector cells {#S0002-S2002}
------------------------------------------------------------

In addition to activation and proliferative markers, Tim-3^+^ T cells in the TME also consisted of higher percentages of cells that expressed effector molecules such as IFN-γ and granzyme B ([Figure 2a-b](#F0002)). These data further showed that Tim-3 marked effector T cells in the TME in the MC38 tumor model. It has been shown that Tim-3^+^PD-1^+^ T cells are "exhausted" in cancer patients and chronically infected individuals.^[8](#CIT0008)--[11](#CIT0011)^ We found multiple immune regulatory receptors such as PD-1, GITR, and Lag-3 were upregulated in Tim-3^+^ T cells compared to the Tim-3^−^ TIL ([Figure 1c-d](#F0001)). Surprisingly, we detected that similar percentages of IFN-γ^+^ and granzyme B^+^ were present in PD1^+^, PD1^−^, Lag3^+^, and Lag-3^−^ subsets among Tim-3^+^ CD8^+^ T cells ([Figure 2a-b](#F0002)). These data suggest that CD8^+^ TIL expressing multiple immune inhibitory receptors are equally capable of producing effector molecules. Recent studies have established that reduced mitochondrial biogenesis as a hallmark of T cell exhaustion in the TME.^[14](#CIT0014)^ We found a slightly but significantly higher numbers of mitochondria in the Tim3^+^PD-1^+^ CD8^+^ T cells compared to the Tim3^−^PD-1^−^ CD8^+^ T cell subset in MC38 tumors ([Figure 2c](#F0002)). Despite a slight increase in the numbers of mitochondria, seahorse assay demonstrated that no difference in oxygen consumption rates between Tim-3^+^PD-1^+^ and Tim-3^−^PD-1^−^ CD8^+^ TIL ([Figure 2d](#F0002)). Strikingly, Tim-3^+^PD-1^+^ CD8^+^ TIL had a higher glycolysis level compared to Tim3^−^PD-1^−^ CD8^+^ TIL ([Figure 2d](#F0002)). To further determine whether Tim3^+^PD-1^+^ CD8^+^ T cells were "exhausted" T cells, we performed an ex vivo tumor cytolytic assay using the CD8^+^ TIL isolated from tumors ([Figure 2e](#F0002)). Our data showed that Tim3^+^PD-1^+^ CD8^+^ TIL had higher tumor-specific cytolytic activities than Tim-3^−^PD-1^−^ CD8^+^ TIL ([Figure 2e](#F0002)). Collectively, these data indicated that, besides PD-1, multiple surface molecules were upregulated in effector T cells rather than "exhausted" T cells in the TME, potentially regulating their function.10.1080/2162402X.2019.1708064-F0002Figure 2.Tim-3^+^ cells were highly activated but not exhausted T cells.Tumors were isolated from MC38 tumor-bearing mice and TILs analyzed by flow cytometry and CD8^+^ TIL subsets were sorted for Seahorse assay and ex vivo cytolytic assay. (a). (left panel) Representative flow plots of expression of Tim-3 vs granzyme B (top row) and IFN-γ (bottom row) on Treg cells, conventional CD4^+^ T cells and CD8^+^ T cells. (right panel) Representative flow plots show expression of PD-1, Lag-3 vs granzyme B, IFN-γ in Tim3^+^CD8^+^T cells. (b). Statistical analysis of granzyme B and IFN-γ depicted in A. (c). Representative histograms (left) and MFI (right) of mitochondrial levels in Tim-3^−^PD-1^−^ and Tim-3^+^PD-1^+^ subsets in CD8^+^ T cells. (d). Oxygen consumption rate (OCR, left) and extracellular acidification rate (ECAR, right) traces of Tim-3^+^PD-1^+^ and Tim-3^−^PD-1^−^ CD8^+^ T cells isolated from MC38 tumors. (e) Graphic scheme of ex vivo cytolytic assay and the statistical analysis of specific cytotoxicity of the Tim-3^−^PD-1^−^ and Tim-3^+^PD-1^+^ CD8 T cell subsets. Data were presented as mean ± SEM (n = 3--5). \**P* \< .05, \*\**P* \< .005, \*\*\**P* \< .0005, \*\*\*\**P* \< .0001, Student's *t* test was performed.

Administration of Tim-3 mAbs and PD-1 mAbs produced an antitumor effect in PD-1-resistant tumor models {#S0002-S2003}
------------------------------------------------------------------------------------------------------

PD-1 blockade has shown therapeutic efficacy in clinical trials. However, only a minority of patients respond to PD-1 blockade therapy.^[19](#CIT0019)^ It is urgent to develop improved immunotherapies to further inhibit tumor progression. Combined PD-1 and Tim-3 mAbs^[20](#CIT0020)^ or PD-L1 and Tim-3 mAbs^[11](#CIT0011)^ have been shown to increase antitumor efficacy in some immunogenic tumor models. Consistently, we found that combining PD-1 and Tim-3 mAbs resulted in a slower tumor growth rate than PD-1 mAbs alone in an immunogenic MC38 tumor model ([Figure 3a](#F0003) and Figure S2B). In contrast, the administration of Tim-3 mAbs alone had no effect on tumor growth.10.1080/2162402X.2019.1708064-F0003Figure 3.Administration of Tim-3 mAb PD-1 mAb synergistically inhibited tumor progression.(a). Mean tumor volumes of MC38 tumor-bearing mice treated with indicated mAbs (n = 4 \~ 5). (b). Overall survival of ID8 tumor-bearing mice treated with indicated mAbs (n = 5). (c). Metastatic nodules in lung in 4T1 tumor-bearing mice treated with indicated mAbs (n = 4 \~ 5). \**P* \< .05, one-way ANOVA test, Log-rank test, and student *t* test were performed.

We also found that Tim-3 mAbs synergized with PD-1 mAbs to prolong overall survival in mice inoculated intraperitoneally (i.p.) with ID8 cells, an ovarian tumor cell line ([Figure 3b](#F0003) and Figure S2C). ID8 cell-injected mice that had been treated with control IgG antibodies had noticeable intra-abdominal tumor growth around 35 days after tumor cell inoculation and all died of tumor a few days later. Administration of neither Tim-3 mAbs nor PD-1 mAbs alone prolonged survival in this ovarian cancer model. In contrast, about 60% of the mice treated with Tim-3/PD-1 mAbs combination survived without any sign of tumor growth ([Figure 3b](#F0003)). In another experiment, we injected ID8 cells again into tumor-free mice, which had been treated with Tim-3/PD-1 mAbs. No tumor formed in any of these mice, suggesting long-term T cell memory responses were generated in PD-1/Tim-3 mAbs treated mice (Figure S2C). To extend the finding to other tumor models, we examined the antitumor effects of these mAbs in mice inoculated with 4T1 breast tumor cells, which form tumors in the breast fat pad and can metastasize to the lung. Tim-3 mAbs, PD-1 mAbs, or Tim-3 and PD-1 mAbs in combination had no effect on the growth of primary tumors (Fig S2A). However, we noticed that the number of metastatic nodules in the lung was significantly reduced in the Tim-3 and PD-1 mAbs combination group compared to other groups ([Figure 3c](#F0003)). Collectively, a combination of Tim-3 and PD-1 mAbs showed significant improved therapeutic effect in different cancer types.

Administration of Tim-3 and PD-1 mAbs enhanced CD8^+^ T cell function in the TME {#S0002-S2004}
--------------------------------------------------------------------------------

Though Tim-3 and PD-1 mAbs combination produced a significant anti-tumor effect, the underlying mechanisms are still unclear. We next determined the cellular and molecular mechanisms mediating the effects of Tim-3 and PD-1 mAbs using the MC38 model ([Figure 4a](#F0004)). We found that 24 h after antibody administration, Tim-3 and PD-1 mAbs in combination significantly enhanced the production of IFN-γ and Granzyme B by CD8^+^ T cells in the TME ([Figure 4b,c](#F0004)). And IFN-γ and Granzyme B were increased in both Tim-3^+^ and Tim-3^−^ subsets (Fig. S3A). In addition, the number of Ki67^+^ CD8^+^ T cells was modestly but statistically significantly increased in the group treated with Tim-3 and PD-1 mAbs in combination compared to other groups ([Figure 4d,e](#F0004)). In contrast, no difference was observed in Foxp3^−^CD4^+^ T cells among the experimental groups (data not shown). Consistently, we observed that IFN-γ production was increased in CD8^+^ TIL upon Tim-3/PD-1 mAbs treatment in the mouse ovarian cancer ID8 model. Interestingly, in the ID8 model, Tim-3 mAbs treatment alone, when compared to control IgG treatment, also increased IFN-γ production by CD8^+^ T cells (Figure S3B). These data suggest an increase in CD8^+^ T cell immune responses immediately after treatment with Tim-3 and PD-1 mAbs.10.1080/2162402X.2019.1708064-F0004Figure 4.Acute effects of administration of Tim-3 and PD-1 mAbs.(a-e). MC38 tumor-bearing mice were treated with Tim-3, PD-1, Tim3/PD-1 mAbs or IgG control, 24 h later, tumor-infiltrating lymphocytes were analyzed by flow cytometry. (a). Graphic schematics of the mouse experiment. (b-c). IFN-γ and granzyme B expressions of CD8^+^ T cells. (d-e). Proliferation of CD8^+^ T cells. (f). Splenocytes were isolated from mice treated with Tim-3, PD-1, Tim3/PD-1 mAbs or IgG control for 4 times, and applied to ELISpot assay, IFN-γ spots were counted and calculated. Data are presented as mean ± SEM (n = 4 \~ 7), \**P* \< .05, \*\**P* \< .005, \*\*\**P* \< .0005, one-way ANOVA test and Student's *t* test were performed.

Kinetic changes of TIL upon Tim-3 and PD-1 mAbs treatment were also examined at 96 h after antibody administration (Fig S3C). Administration of either Tim-3 or PD-1 mAbs resulted in similar increases in the percentage of IFN-γ-producing CD8^+^ T cells but not CD4^+^ T cells in the TME (Fig S3C). Tim-3 and PD-1 mAbs in combination did not further increase IFN-γ^+^CD8^+^ T cells (Fig S3C). The cytolytic markers granzymes A and B were also examined. We found that granzyme A^+^ CD8^+^ T cells, but not granzyme B^+^ CD8^+^ T cells, were significantly increased after PD-1 mAbs treatment and trended even higher with Tim-3/PD-1 mAbs combined treatment (Fig S3C). We also found that proliferation and granzyme B production of CD4^+^ T cells were significantly increased after PD-1 mAbs treatment and were further increased with Tim-3/PD-1 mAbs combined treatment (Fig S3C). Besides changes in the TME, it was also found that tumor antigen-specific T cells in the spleen were increased upon treatment with Tim3/PD-1 mAbs ([Figure 4f](#F0004)). Collectively these data demonstrated that Tim-3/PD-1 mAbs combination increased effector function of Th1 and CD8^+^ T cells in the TME.

Lag-3 conferred resistance to Tim-3/PD-1combination therapy {#S0002-S2005}
-----------------------------------------------------------

We have shown combination therapy with Tim-3 and PD-1 mAbs improved the efficacy of anti-PD-1 therapy. Nevertheless, the tumor growth was not stopped even with both Tim-3 and PD-1 mAbs. We found the expression of a checkpoint inhibitor, Lag-3, was increased on both Foxp3^−^CD4^+^ T cells and CD8^+^ T cells in the Tim-3 and PD-1 mAbs combination group compared to other groups after 24 h treatments ([Figure 5a-b](#F0005)) and 96 h treatments (Figure S3D), suggesting Lag-3 might mediate resistance to Tim-3/PD-1 combo-immunotherapy. Besides Lag-3, GITR, a costimulatory receptor, was also induced upon combined treatment with Tim-3/PD-1 mAbs in CD4^+^ and CD8^+^ TIL (Figure S3E). We then determined whether the triple combination of Tim-3, PD-1, and Lag-3 mAbs could further improve the antitumor efficacy. Our results indicated that triple combination produced a much greater antitumor effect than Tim-3/PD-1 or PD-1/Lag-3 double combinations ([Figure 5c](#F0005)), whereas Tim-3 and Lag-3 mAbs in combination didn't affect tumor growth when compared to the IgG control group ([Figure 5c](#F0005)).10.1080/2162402X.2019.1708064-F0005Figure 5.Triple therapy with Tim-3, PD-1 and Lag-3 mAbs synergistically increased the antitumor activity.a-b. MC38 tumor-bearing mice were treated with Tim-3, PD-1, Tim-3/PD-1 mAbs or IgG control, 24 h later, tumor-infiltrating lymphocytes were analyzed for Lag3 expression by flow cytometry. (a). Representative flow plots of Lag3 expression on tumor-infiltrating CD4^+^ and CD8 T^+^ cells. (b). Statistical analysis of Lag3 expression depicted in A (n = 4). (c). Mean tumor volumes of MC38 tumor-bearing mice treated with indicated mAbs (n = 5). Data are presented as mean ± SEM, \**P* \< .05, \*\**P* \< .005, one-way ANOVA test and Student's *t* test were performed.

To further study the molecular mechanisms of the improved anti-tumor effect mediated by the triple therapy, we analyzed TIL at 24 h after treatments. We found that the triple treatment further enhanced Granzyme B production compared to IgG control, Tim-3/PD-1, Tim-3/Lag-3, and PD-1/Lag-3 groups ([Figure 6a-b](#F0006)). In contrast, IFN-γ was increased by Tim-3/PD-1, and triple treatment did not result in greater increases compared to Tim-3/PD-1 double treatment. To further determine that the improved anti-tumor efficacy of the triple combination was due to the enhanced cytotoxicity of tumor cell-specific T cells, we performed the ex vivo cytolytic assay using the CD8^+^ TIL isolated from tumors. Consistently, CD8^+^ TIL from the triple combination group had much higher specific killing activities ([Figure 6c](#F0006)). Collectively, these data established that triple treatment with PD-1, Tim-3, and Lag-3 mAbs synergistically increased the responses of tumor immunotherapy.10.1080/2162402X.2019.1708064-F0006Figure 6.Triple administration with Tim-3, PD-1 and Lag-3 mAbs greatly increased the effector function of tumor-infiltrating CD8^+^ T cells.(a-b). MC38 tumor-bearing mice were treated with indicated combinations of mAbs or IgG isotype control, 24 h later, tumor-infiltrating lymphocytes were analyzed by flow cytometry. Representative flow plots and Statistical analysis of IFN-γ and Granzyme B expression on tumor-infiltrating CD8^+^ T cells (n = 4). (c). Statistical analysis of specific cytolytic activities of CD8^+^ T cells sorted from tumors treated with indicated groups of mAbs (n = 3--4). Data were presented as mean ± SEM, \**P* \< .05, \*\**P* \< .005, \*\*\**P* \< .0005, one-way ANOVA test and Student's *t* test were performed.

Discussion {#S0003}
==========

In this study, we found that Tim-3 expression in the TME was upregulated in large fractions of Treg, CD4, CD8 T cells, M1, DC1 and small percentages of B cells, NK cells, γδT cells, M2, and MDSC. We also demonstrated that Tim3^+^ TIL had an effector T cell phenotype, indicating Tim-3 helps regulate effector T cell function. Surprisingly, we found that Tim-3^+^PD-1^+^ CD8^+^ TIL produced similar amounts of effector molecules, such as IFN-γ and granzyme B and had higher cytolytic activities compared to other TIL subsets, suggesting PD-1 and Tim-3 play a role in limiting the function of effector cells rather than maintaining exhaustion state in our model. In addition, we found Tim-3/PD-1 mAbs combination treatment overcame PD-1 resistance in an ovarian cancer model. Interestingly, the combined Tim-3/PD1 mAbs treatment resulted in the upregulation of other immune regulatory receptors such as Lag-3 and GITR on TIL. Triple treatment with PD-1, Tim-3 and Lag-3 mAbs further increased antitumor efficacy compared to Tim3/PD-1, and PD-1/Lag-3 mAbs through increasing granzyme B^+^ CD8^+^ TIL and cytolytic activities of CD8^+^ TIL. Our studies demonstrated cross-regulation between different immune checkpoint molecules in TIL and established that the combination of multiple checkpoint inhibitors is necessary to further improve current tumor immunotherapy.

CD4^+^ and CD8^+^ TIL co-expressing multiple immune regulatory receptors such as PD-1, Tim-3, Lag-3, OX-40, GITR, and TIGIT have been reported.^[9](#CIT0009)--[11](#CIT0011),[13](#CIT0013)^ Whether, and how, these molecular pathways cross-regulate each other is not fully understood. We found that PD-1 mAbs increase the levels of Tim-3 on the TIL (data not shown), consistent with previous reports.^[21](#CIT0021)--[23](#CIT0023)^ Our data demonstrate that Tim-3/PD-1 mAbs combination overrode resistance to therapeutic PD-1 blockade.^[21](#CIT0021)^ In addition, we found that Tim-3/PD-1 mAbs treatment further increased Lag-3 and GITR expression on CD8^+^ and CD4^+^ TIL, demonstrating cross-regulation between these immune receptors. Upregulation of Lag-3 and GITR in response to PD-1 and Tim-3 blockade suggests these immune regulatory receptors might play redundant roles. Indeed, we showed that Tim-3/PD-1/Lag-3 mAbs triple combination can further increase antitumor efficacy, supporting such hypothesis. Our finding that Lag3 is upregulated right after PD-1/Tim-3 mAbs treatment supports the practice that all three antibodies should be used together for cancer treatment.

Tim-3^+^PD-1^+^ TIL have been reported to be functionally exhausted T cells.^[9](#CIT0009)--[11](#CIT0011),[24](#CIT0024)-[26](#CIT0026)^ In addition, TIL expressing multiple checkpoint inhibitors have been shown to be more functionally exhausted.^[14](#CIT0014)^ However, our data indicated that Tim-3^+^PD-1^+^ TIL in the MC38 model were effector T cells. These differences might be due to the models that are used. MC38 is a very immunogenic tumor model and is known to respond well to PD-1 blockade immunotherapy. In addition, the time point we studied might reflect the effector stage of antitumor immune responses. As a result, the effect of PD-1 and Tim-3 mAbs observed in our study was in line with the enhancement of the effector function rather than a reinvigoration of exhausted T cells.

Although we focus on studying Tim-3 expression on effector Th1 and CD8^+^ T cells, we also found Tim-3 expression on myeloid cells, particularly CD103^+^ DC1 and M1 cells. Many studies have demonstrated that Tim-3 expression on DC and macrophages might be involved in regulating the function of these myeloid cells during antitumor immunity.^[27](#CIT0027)--[33](#CIT0033)^ It is foreseeable that expression of Tim-3 on DC1 and M1 might regulate cross-presentation as well as IL-12 production, and thereby regulate antitumor Th1 and CD8 T cell function.^[28](#CIT0028),[29](#CIT0029),[34](#CIT0034)^ The role of Tim-3 on these cells during checkpoint inhibition needs to be further determined. Equally, important, we have also confirmed our previous finding that Tim-3 was specifically upregulated in the Treg in the TME of human lung cancer.^[9](#CIT0009)^ We have recently found that Tim-3^+^ Treg represents an effector Treg.^[35](#CIT0035)^ The role of Tim-3 on tumoral Treg is also elusive at this stage and should be further investigated. Despite strong antitumor activities of PD-1 in combination with Lag3 and Tim-3 mAbs, we did not see the total regression of tumors in the MC38 model or the ID8 model. There are many reasons for this. It is possible that additional immune checkpoint molecules. It is also possible that the MHC-I is down-regulated through epigenetic mechanisms. Future studies on the adaptive immune resistance mechanisms should provide further insights.

One of the most striking findings in this study is the that Lag3, Tim-3 and PD-1 mAbs triple treatment synergistically increased the cytolytic activity of tumor-infiltrating CD8^+^ T cells. Previous studies showed that PD-1/Tim-3 mAbs treatment increased T cell proliferation and cytokine production. However, the cytolytic activities were not studied. We showed that the increased cytolytic activities were associated with increased granzyme B protein expression. Other molecular mechanisms can also be involved and warrant future studies.

Material and method {#S0004}
===================

Cell lines {#S0004-S2001}
----------

Mouse colorectal cancer cell line MC38 and mouse ovarian cancer cell line ID8 were cultured in complete DMEM medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin. Mouse breast cancer cell line 4T1 and mouse melanoma B16 cells were cultured in complete RPMI-1640 medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin.

Reagents and antibodies {#S0004-S2002}
-----------------------

Anti-mouse Tim-3 (clone: RMT3-23), anti-mouse PD-1 (clone: J43), anti-mouse Lag-3 (clone: C9B7W), Rat IgG isotype control (clone: 2A3) and polyclonal American hamster IgG were purchased from Bioxcell company for tumor therapy. For Flow cytometry, anti-mouse CD45 (clone: 30-F11), anti-mouse CD4 (clone: GK1.5), anti-mouse CD8a (clone: 53--6.7), anti-mouse Foxp3 (MF23), anti-mouse γδTCR (clone: GL3), anti-mouse CD103 (clone: M290), anti-mouse Tim-3 (clone: 5D12), anti-mouse Lag-3 (clone: C9B7W), anti-mouse Lag-3 (clone: C9B7W), anti-mouse CD206 (clone: MR5D3), anti-mouse CD62L (clone: MEL-14), anti-mouse CD44(clone: IM7), anti-mouse OX40 (OX-86), anti-mouse IL7R (clone: SB/199), anti-mouse GITR (clone:DTA-1) and anti-mouse CD11b (clone: M1/70) were purchased from BD Bioscience. anti-mouse Ki67(clone: SolA15), IFN-γ (clone: XMG1.2), CD11b (M1/70) were purchased from ebioscience. anti-mouse B220 (clone: RA3-6B2), anti-mouse CD8a (clone: 53--6.7), anti-human/mouse Granzyme B (clone: GB11), anti-mouse Granzyme A (clone: 3G8.5), anti-mouse MHC II (clone: M5/114.15.2), anti-mouse Gr-1 (clone: RB6-8C5), anti-mouse CD24 (clone: M1/69), anti-mouse F4/80 (clone: BM8) and anti-mouse NK1.1 (clone: PK136) were purchased from Biolegend. Mitotracker Deep Red FM labeling kit was purchased from Invitrogen. Ghost 510 and Zombie NIR dye was purchased from Tonbo Biosciences and Biolegend.

Mouse tumor model {#S0004-S2003}
-----------------

6 \~ 8 weeks old C57BL/6 and BALB/c mice were purchased from The Jackson Laboratory and maintained at the specific pathogen-free animal facility of University of Pittsburgh. For MC38 model, C57BL/6 mice were injected with 1 million cells intradermally (*i.d.)*. On day 4 or 8, mice were randomly divided into 4 groups. Anti-Tim-3, anti-PD-1, anti-Tim-3 plus anti-PD-1 or IgG isotype, anti-Tim-3/Lag-3, anti-Tim-3/PD-1, anti-Lag-3/PD-1 or anti-Tim-3/PD-1/Lag-3 groups, mAbs were injected intraperitoneally (*i.p.)* 200 μg per mouse. Mice were treated with mAbs every 4 days for a total of 4 times. Tumor sizes were measured every 2--3 days by caliper, and the tumor volume was calculated as L× W^2^/2. Mice were humanely euthanized when tumor diameter reached 20 mm. For ID8 model, C57BL/6 mice were injected *i.p*. with 2 million ID8 cells. On day 5 or 10, mice were randomly divided into 4 groups, mAbs mentioned above were injected *i.p*.every 5 days for a total of 5 times. Mice were monitored every 2 days. For 4T1 model, BABL/c mice were injected with 0.05 million 4T1 cells into the mammary fat pad. On day 5, mice were randomly divided into 4 groups. mAbs were injected *i.p*.every 4 days for a total of 3 times. Tumor sizes were measured every 2--3 days. When mice had apparent expiratory dyspnea, they were sacrificed and lungs were isolated and stained with 15% Indian ink solution and then washed with wash buffer (70% alcohol, 10% formalin and 5% acetic acid). Metastatic nodules were counted. All mouse experiments have been approved by the Institute of Animal Care and Use Committee of the University of Pittsburgh.

Tissue processing and flow cytometry {#S0004-S2004}
------------------------------------

In MC38 model, C57BL/6 mice were injected with 1 million tumor cells *i.d*., when tumor sizes reached about 8 mm in diameter, mice were injected *i.p*. with Anti-Tim-3, anti-PD-1, anti-Tim-3 plus anti-PD-1, anti-Tim-3/Lag-3, anti-Lag-3/PD-1, anti-Tim-3/PD-1/Lag-3 or IgG isotype mAbs. Twenty-four hours or 96 h later, mice were sacrificed and tumors were isolated. In ID8 model, C57BL/6 mice were injected with 2 million tumor cells *i.p*. and when mice had obvious ascites, mice were injected *i.p*. with anti-Tim-3, anti-PD-1, anti-Tim-3 plus anti-PD-1 or IgG isotype mAbs. Twenty-four hours later, mice were sacrificed and tumors were isolated. Isolated tumors were cut into small pieces and digested with 0.25mg/ml Liberase TL (Roche) and 0.33mg/ml Dnase (Sigma) in 37 degrees for 30 min. Single-cell suspensions were obtained. For Mitochondrial staining, cells were stained with Mitotracker Deep Red along with surface markers followed by fixation and permeabilization as described before.^[14](#CIT0014)^ For IFN-γ, Granzyme B or Granzyme A staining, cells were stimulated for 4 h with 50ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma) and 1μg/ml ionomycin (Sigma) in the presence of 10μg/ml Brefeldin A. After stimulation, cells were stained for antibodies to surface marker, followed by fixation permeabilization with Fixation and Permeabilization buffer (ebioscience) according to the manufacturer's instructions. Then, cells were stained with antibodies to intracellular markers. All the samples were applied to LSRII or Fortessa FACS (BD Biosciences) or Aurora (Cytek Biosciences) and analyzed by using Flowjo software (Tree star).

Seahorse assay {#S0004-S2005}
--------------

Tim-3^+^PD-1^+^ and Tim-3^−^PD-1^−^ CD8^+^ T cells were first enriched from MC38 tumors using CD8 TIL beads (Miltenyi) and then stained for surface markers and further purified by FACS. T cells were plated on Cell-Tak coated Seahorse culture plate (100,000 T cells/well) in assay medium containing unbuffered DMEM supplemented with 1%BSA and 25mM glucose, 1mM pyruvate, and 2mM glutamine and analyzed using a Seahorse XFe96 (Agilent). Basal extracellular acidification and oxygen consumption rates were taken for 30 min. Cells were stimulated with oligomycin (2mM), FCCP (0.5mM), 2-deoxyglucose (100mM) and retenone/antimycin A (100mM) to obtain maximal reparatory and control values.

The enzyme-linked immunospot (ELISpot) assay {#S0004-S2006}
--------------------------------------------

15 μg/ml anti-IFN-γ (clone:AN18, MabTech) was coated and incubated overnight at 4 degrees. On the other day, mice were sacrificed and spleens were isolated. 5\*10^5^ splenocytes were stimulated with 5\*10^4^, 200Gy irradiated MC38 cells for 48 h in complete medium at 37 degrees incubator. Forty-eight hours later, the plate was washed and incubated with 1.5 μg/ml biotinylated secondary antibody (clone: R4-6A2-biotin, MabTech) and then incubated and developed with VECTASTAIN Elite ABC HRP Kit (Peroxidase, standard) and AEC Peroxidase (HRP) Substrate Kit. The plate was scanned and counted using the ImmunoSpot Analyzer (Cellular Technology).

Ex vivo micro-cytolytic assay {#S0004-S2007}
-----------------------------

C57BL/6 mice were inoculated with MC38 cells and when tumor sizes reached about 6 \~ 7 mm in diameter, mice were randomly divided into five groups. Anti-PD-1, anti-Tim-3/PD-1, anti-Lag-3/PD-1, anti-Tim-3/PD-1/Lag-3 or IgG isotype mAbs were injected 200 μg per mouse every 4 days for a total of 3 times. Forty-eight hours after the last treatment, mice were sacrificed and tumors were isolated. For untreated mice, when tumor sizes reached about 10 mm in diameter, mice were sacrificed and tumors were isolated. Single-cell suspensions were first enriched using CD8 TIL beads (Miltenyi) and then stained for surface markers and further purified by FACS to obtain CD8 TIL or Tim-3^+^PD-1^+^/Tim-3^−^PD-1^−^ CD8 subsets. MC38 cells were pre-stimulated with 10ng/ml IFN-γ (Biolegend) overnight and then stained with CellTrace Violet (invitrogen). CD8 TIL and MC38 cells were co-cultured in the presence of PD-1 mAbs (10μg/ml) with the ratio of 10:1 (cell number 30000:3000). Twenty-four hours later, the remain MC38 cells along with reference cells stained with CellTrace Far-red (invitrogen) were analyzed with FACS. Specific killing of CD8 TIL was calculated as 100%\* (1-RF~eff~/RF~ctrl~). RF represents the relative frequency of remaining MC38 cells to reference cells, RF~ctrl~ represents the RF value in groups without CD8 TIL, RF~eff~ represents the RF value in groups with CD8 TIL.

Statistical analysis {#S0004-S2008}
--------------------

Statistical analyses, such as one-way ANOVA test, Log-rank test, student *t* test, were performed with Graphpad Prism.
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